The late Miocene sandstone intrusions of northern Santa Cruz County, California, are the largest subaerial exposures of clastic intrusions on earth. The intrusions are sourced from a sandstone, underlying mudstone, accumulated in an outer shelf to upper slope environment. Dikes are the most frequent intrusion type, reach the greatest thickness and tend to strike north-east and dip steeply. One giant dike is more than 150 m wide. Sills are least frequent, locally >8 m thick and have no clear preferred geographical distribution. Clustered intrusions are commonly <10 cm thick and mostly composed of dikes of various attitudes. The majority of the intrusions probably were injected shallowly as some extrude onto the seafloor. The local seafloor extrusion also indicates injection during the deposition of the Santa Cruz Mudstone (7-9 Ma). The intrusions are concentrated at the basin margin. Fluid pressure at the centre of the basin and perhaps hydrocarbons were communicated to the basin margin through the then sand, causing fluid overpressures that contributed to the fluidization and intrusion into the overlying mudstone.
INTRODUCTION
Recently, intrusive sandstone bodies have been recognized as integral parts of commercial hydrocarbon reservoirs in the North Sea (Dixon et al. 1995; Lawrence et al. 1999 ) and offshore West Africa. Sandstone intrusions are significant as they increase connectivity between existing stratigraphically controlled reservoirs. Moreover, clastic sediment intruding up from a reservoir provides an ever-shallower level in which hydrocarbons can be sequestered. Finally, intrusions form cross-stratal migration paths that could even connect to the surface. Molyneux (1999) has identified the clastic intrusions of the Santa Cruz Mountains (Eldridge 1901; Newsom 1903; Phillips 1990 ; Thompson et al. 1999) as the largest subaerial intrusions in the world and the best global analogues for the North Sea examples. We have studied the geometry, extent and thickness distribution of the Santa Cruz intrusions to provide a quantitative analysis of their form for use in hydrocarbon exploration and to shed light on the intrusive conditions and stress field during their emplacement.
The orientations of the intrusions provide an opportunity to define the palaeostress field during their intrusion. Injecting dikes open fractures that propagate as a tensile crack in a plane normal to the least compressive stress direction (Delaney et al. 1986) . Previous studies of the intrusions have emphasized the orientations of the dikes, which are the dominant intrusion type (Phillips 1990 ; Thompson et al. 1999 ). Yet, intrusions in other orientations, including sills, occur, raising the question: what are the orientation patterns of all intrusions and how are they related to the geology? In addition to the control of the stress field, the geometry of intrusions can be influenced by the anisotropy of the host rock or pre-existing fractures (Jolly & Sanderson 1995; Pollard 1973) .
In order to estimate the overall geometry of the sandstone intrusions in northern Santa Cruz County, we have analysed the exposures along Highway 1 outcrops and all accessible beach portions between the beach north of Needle Rock Point, north of Santa Cruz, and the city of Davenport (Fig. 1) . We have completed a nearly continuously exposed one-dimensional transect of this intrusive system in which we have analysed 328 intrusions.
GEOLOGICAL SETTING
The coastline west of Santa Cruz, where the sandstone intrusions occur, is part of the Salinian Block that here consists of Palaeocene to Pliocene marine and nonmarine deposits which rest disconformably on pre-Tertiary granitic rocks and metamorphic basement (Figs 2 and 3) Phillips 1990 ). In the study area, the basement is commonly overlain by the transgressive, middle Miocene Lompico Sandstone and the overlying Monterey Formation. The upper Miocene Santa Margarita Sandstone is a transgressive, shallow marine unit (Phillips 1990; Stanley 1990 ), which consists mainly of sandstones and conglomerates, and is typically unconformable overlying the Monterey Formation. The Santa Margarita Sandstone, especially its coarser grained facies, may have served as a migration path or reservoir for . Cross-section paralleling coastline from Needle Rock Point to 3 km north-west of Scott Creek (see Fig. 1 for location). Note significant thinning of Santa Cruz Mudstone from north-west to south-east and concentrations of intrusions at south-west end of section. Wells P1 and S1 confidently determine the depth to Santa Margarita Sandstone at the ends of the section. Depth of Santa Margarita Sandstone in wells D1 and D3 projected down regional 108 dip, that is about normal to section. Geology along section from Clark (1981) .
hydrocarbons sourced in the underlying Monterey Formation (Phillips 1990) . Geochemical studies by Lillis & Stanley (1999) indicate that the Santa Cruz Mudstone may also be a possible petroleum source. The Santa Margarita Sandstone hosts the largest accumulation of petroleum in the Santa Cruz Mountains (Phillips 1990) , and this lithology is believed to be the source of the sandstone intrusions studied here.
The sandstone intrusions occur in the Santa Cruz Mudstone that overlies the Santa Margarita Sandstone (Fig. 3) . The upper Miocene Santa Cruz Mudstone is an organic-rich, shelfal depositional unit of mainly thickly bedded, siliceous mudstone and thin porcelanite layers. Dolomite and calcite concretions are locally abundant (Stanley 1990) . Diatom biostratigraphy suggests that the Santa Cruz Mudstone accumulated approximately 9.0-7.0 Ma ago (Barron 1986) . Silica diagenesis studies by El-Sabbagh & Garrison (1990) suggest a minimum burial depth of 1000 m for exposed sections of the Santa Cruz Mudstone. Rapid thickening of the mudstone north-west of Santa Cruz implies that extensive erosion preceded the deposition of the younger Purisima Formation (ElSabbagh & Garrison 1990) . Clark et al. (1984) report about 200-500 m of vertical uplift in the western Santa Cruz Mountains area since deposition of the Santa Cruz Mudstone.
The overlying Purisima Formation is separated from the Santa Cruz Mudstone by a hiatus that occurred between 6.0 and 7.0 Ma ago (Barron 1986 ). This formation is composed chiefly of sandstone, mudstone, conglomerate and tuff that were deposited in marine environments (Stanley 1990) .
The area of sandstone intrusions is bounded by the San Gregorio Fault to the west and the Ben Lomond Fault to the east (e.g. Stanley 1990) (Fig. 1) . The San Gregorio Fault is a major branch of the right-lateral San Andreas Fault Weber 1990 ). Right-lateral strike-slip offset is about 150 km since 12 Ma (Clark et al. 1984; Graham & Dickinson 1978) . These faults are components of the strike-slip regime that developed along the Pacific-North America transform margin at about 30 Ma. According to Atwater & Stock (1998) , the Pacific-North America plate motion shifted from WNW to NNW in northern California about 8 Ma ago. Thus the Pacific-North America plate motion changed from slightly extensional to essentially parallel to the trend of the continental margin in northern California at this time.
The Santa Cruz Mudstone and underling deposits thicken to the north-west offshore of the Santa Cruz Mountains. TheNeogene section dips gently into this basin (Erickson et al. 1994) . The centre of the study area of sandstone intrusions is characterized by a gently south-west-plunging open anticline in the vicinity of Majors Creek. This structure is interpreted as a compaction anticline that served as a structural trap for the upward migrating petroleum (Phillips 1990 ).
DESCRIPTION OF INTRUSIONS AND ASSO-CIATED EXTRUSIVE DEPOSITS
The clastic intrusions occur as tabular dikes and sills (Figs 3, 4 and 6) . Locally, surface extrusions of sand occur (Fig. 4) . The sand is very well sorted and commonly of medium grain size. Its colour varies from dark brown to grey; locally dark grey or black colours are due to fine-distributed bitumen. Hydrocarbon staining is homogeneous where it occurs. Only the two big intrusive bodies at Yellow Bank Creek show a well-developed primary flow structure.
At a few outcrops, dikes branching into sills exist. Crosscutting intrusions, however, are rare. Where recognized, dikes cut sills. Mixing of intrusive material with the host sediment could be observed only on a small scale and very locally. More commonly, angular inclusions or rafts of the host mudstone occur within the intrusions. Inclusions are only present in thicker intrusions and are more frequent in sills than in dikes. Generally, intrusive contacts show sharp angular changes in orientation over short distances with sharp nearly perpendicular offsets of contacts on a 1-10 cm scale; smooth bends of intrusion contacts are rare.
On the basis of field observations, we can classify the intrusions into clustered intrusions, which have various attitudes, single dikes and sills. Statistical analyses lead to a narrower distinction later in this article where dikes are referred to as intrusions with an azimuth between 978À1478 or 2778À3278 and a dip of !608 (Fig. 5) ; sills are referred to as intrusions dipping !258 and oblique dikes are all other directions.
Dikes

Clustered intrusions
Although small intrusions show a great variety of attitudes, a preferred orientation is commonly obvious. The majority of dikes dipping less than 658 (Fig. 5 ) belong to this intrusion type. The margins of the clustered intrusions are sharp and occur in subhorizontal as well as subvertical orientations. The margins are more often irregular than those of single dikes. They show multiple branching into thinner intrusion parts, which takes the form of fingering because no cross-cutting relationships could be recognized (Fig. 6 ). Locally intrusive branches link, bifurcate and show small dilational jogs (terminology following Huang 1988; Lonergan et al. 2000) . Individual intrusive branches of a cluster are thin, rarely exceeding several centimetres. However, the clustered intrusions rapidly change in thickness, commonly when their margins change in direction. The clustered network-forming intrusions tend to extend only a few metres across outcrops, in contrast to rarer thicker intrusions that may transect the height of the sea cliff exposure. The complicated structure of the clustered intrusions indicates good local three-dimensional interconnectivity, but over a limited extent.
Single dikes
Single dikes are mostly vertical with straight or just slightly irregular margins. Parallel steps of the intrusion margins at bedding borders may be present but are not pronounced. Single dikes are generally more than 10 cm thick with a consistent thickness. They extend up cliffs to 25 m in height. We rarely view along-strike exposures due to the nature of the cliff outcrops. However, we infer from the vertical exposures, which show only very minor changes in intrusion thickness, that changes in thickness along strike are very probably minor as well. Branching and rejoining of single dikes only occurs rarely. At a few sites, a steeply dipping dike is associated with a sill (Fig. 4A) . Cross-sections between Yellow Bank Creek and Laguna Creek (Thompson 1995) show an actual thickness of the Santa Cruz Mudstone at the coast between 40 and 75 m. Thus, the clastic intrusions may extend at least this distance from their source at the Santa Margarita Sandstone to the surface of current exposure. Single dikes are preferably injected into the limbs of the broad anticline centred at Major Creek (Fig. 7) .
Sills
Sills associated with the above-described clustered intrusion complexes are mostly thin and are locally branches of dikes. The margins and their geometry are comparable to those of the dikes of the clustered complexes. Singular sills may reach a considerable thickness of up to 90 cm (with the exception of the giant sills in the Yellow Bank Creek area). The margins of sills are often wavy and irregular, mostly due to changes in thickness. Branching and rejoining are common in thinner sills.
Intrusive bodies at Yellow Bank Creek
Intrusions in the Yellow Bank Creek beach area ( Fig. 3 ) and just to the south-east (Fig. 4A ) are discussed separately here because they are significantly larger than any other intrusions in the study area, and in fact the largest subaerially exposed intrusions known anywhere (Molyneux 1999) . The partly hydrocarbon-saturated giant intrusive sandstone body at Yellow Bank Creek (Thompson et al. 1999) consists of a funnelshaped body and a north-east-striking dike. The dike part is more than 150 m thick and can be mapped inland away from the beach for at least 600 m; the beach outcrop shows a thickness of 13 m for the funnel-shaped body, which also extends away from the beach for several hundred metres. According to Thompson et al. (1999) , intrusion apparently occurred in two stages: after intrusion of initially water-saturated sands, hydrocarbons migrated in the sand body by fluid replacement mechanisms and perhaps locally by intrusion of hydrocarbonbearing sand. Another dike and sill complex of considerable size is located some 300 m south-east of the previously described intrusion. It comprises a 10 m thick dike connected with a sill body whose exposed thickness is 10 m (Fig. 4A) . The dike strikes N358E and dips 788W. Where it is least Branching and rejoining of intrusions are common, whereas no cross-cutting could be recognized. This structure implies a good local three-dimensional interconnectivity. Bedding and fractures in host rock inclusions within intrusions show the same orientation as the surrounding mudstone, suggesting that the jointing is later than the intrusion event.
weathered, at the base of the cliff, the intrusion is hydrocarbon saturated.
Surface extrusions of sand
Previously, workers interpreted all bedding-parallel intrusions as sills. New evidence suggests that some may be extrusions. The beach outcrops at Majors Creek (site 4, Fig. 1 ) are characterized by bedding-parallel bituminous sand layers up to 3 m thick, that include lamination and cross-bedding. They are internally bioturbated, and have had the sand bioturbated down from and up into the mudstone (Fig. 4B) . Thus, we believe that they are surface deposits. The burrowing in the sand beds makes it unlikely that the sands were oil saturated when they erupted. The extrusive sand layer extends several hundred metres north-west and south-east of the mouth of Majors Creek. The extrusive sand layer is generally slightly coarser grained than the intrusive sand; subjacent dikes are both truncated by and feed into the bottom of the extrusive sand beds (Fig. 4) . Apparently, the intrusions fed sand extrusions that were worked or reworked to develop the sedimentary and biological structures. At Majors Creek, the extrusive sand bed is stratigraphically higher than any of the intrusions, suggesting that it represents the final phase of intrusive/extrusive activity here.
In addition to the extrusive sand layers described above, we have observed several extrusive bituminous sands in quarries in the Santa Cruz Mudstone about 5 km north-east of the mouth of Majors Creek. These layers are about 2 m thick, parallel to enclosing strata and show sand-filled burrows at the basal contact. Intrusive sills also occur in these quarries (Page & Holmes 1945) . Sand layers are otherwise unknown in the Santa Cruz Mudstone (Clark 1981) . Phillips (1990) and Thompson (1995) demonstrated that the sandstone dikes studied here strike predominantly northeast; previous workers have not measured the orientation of either dikes or sills and have not provided any information on the thickness of the intrusions. Quantification of the orientation and thicknesses of the intrusions provides clues to the stress field at the time of intrusion as well as the magnitude of dilation. This information also provides a basis for judging whether the intrusions could be independent reservoirs or provide unanticipated connectivity between reservoirs.
STATISTICAL DISTRIBUTION AND GEOMETRY OF INTRUSIONS
Overall distribution and geometry
We compiled histograms of the thicknesses of 328 intrusions, specifically excluding the large intrusions in the Yellow Bank Creek area. Intrusions were grouped into three categories depending on where their poles plotted on a stereographic projection: north-east-trending dikes, sills and oblique dikes (all other directions). Statistical analyses indicate that very thin intrusions are most common (Fig. 5A) . Intrusions of various orientations (oblique dikes) are dominant in terms of their frequency in most thickness ranges. North-east-trending dikes are more frequent than sills. Intrusions greater than 40 cm, however, are nearly exclusively dikes or sills (Fig. 5A,B) . It should be noted that, when comparing the frequency of these three intrusion types, the area limits in the projection defining sills and north-east-striking dikes are less than that of the oblique dikes. The cumulative thickness of each thickness range (Fig. 5B) shows that, despite their smaller number, north-east-striking dikes and sills are more significant than oblique dikes in terms of total thickness and total dilation by orientation.
Local distribution and geometry
Examination of the intrusion frequency and thickness data by different locations shows a systematic pattern in respect of the regional anticline at Majors Creek (Figs 3 and 7). Oblique dikes are very common around the fold axis, but their cumulative thickness is generally less than the north-east-striking dikes and/or sills. This pattern may indicate a preferred occurrence of clustered intrusions and oblique dikes close to the lithological boundary of the Santa Margarita Sandstone to the Santa Cruz Mudstone, as the top of the Santa Margarita Sandstone (most likely source) is shallowest near Majors Creek.
Sills do not seem to have a preferred distribution in respect to both frequency and cumulative thickness. Most of the thickest sill intrusions occur around Majors Creek. Because the thicker sills are not numerous, this distinction may not be significant.
The orientation of all clastic intrusions is shown in Fig. 8(A) . The attitude of the intrusions varies greatly: dikes and sills of all possible strike and dip directions are present. A weak girdle distribution is recognizable which shows a slight predominance of intrusions with an orientation varying around a NE-SW-orientated axis. Two density maxima indicate a preferred occurrence of mainly sills and NE-SW-orientated dikes. Figure 8(B) is a contour plot that shows all intrusions weighted for their thickness. This plot covers all studied intrusions, except the very large intrusive bodies at the beaches in the Yellow Bank Creek area. In contrast to Fig. 8(A) , which shows a widespread point distribution, the contour plot in Fig. 8 (B) has a very pronounced bipolar distribution. North-east-trending, steep dipping dikes show the greatest cumulative thickness, which is 12.4 m. Roughly horizontal intrusions form the other maximum with a cumulative thickness of approximately 9 m. The cumulative thickness of north-east-trending dikes and horizontal intrusions is calculated by summing the true maximum thickness of the single intrusions. The maxima of the contour lines in Fig. 8 (B) represent all intrusions; only intrusions following the definition of Fig. 5 for north-east-trending dikes and sills are used to calculate the overall thickness (north-east-trending dikes have a dip direction of 978À1478 or 2778À3278 and a dip !608; sills have a dip 258). The pronounced maxima of dikes and sills in Fig. 8(B) provided the basis for subdividing the intrusions into dikes, sills and oblique dikes as shown in the histograms (Fig. 5) .
The subdivision of contour plots per locality provides a sense of the regional variability of intrusion orientation (Fig. 9) . All plots show either a vertical or a NW-SE-orientated maximum eigenvector/eigenvalue, and a majority show a continuous NE-SW-orientated, horizontal minimum eigenvector/eigenvalue. Six out of eight sites show an approximately horizontal, NW-SE-orientated maximum eigenvector/eigenvalue. The beaches at Majors Creek and Yellow Bank Creek and the roadcut at Highway 1 are characterized by a pronounced vertical dilation.
The inclination of the maximum eigenvector/eigenvalue is related to the regional open anticline: sites 5-8, located north-west of the open anticline, generally have a maximum eigenvector/eigenvalue located in the north-west quadrant of the plot; sites 1-3, south-east of this anticline, show the Fig. 9 . Contour plots of thickness-weighted orientation by locality. These contour plots show that either horizontal NW-SE or vertical dilation dominate also on a local scale and that s2 and s3 have regionally similar values. Although the e3 axis of site 1 (beach north of Needle Rock Point) is vertical, nearly all intrusions of this outcrop are north-east-striking, steeply dipping dikes; the minimum eigenvector/eigenvalue is extremely low and close to the intermediate eigenvector/eigenvalue. For this reason, this site is compatible with the trend shown by the other plots. The plot of site 4 (beach at Majors Creek) is characterized by a NNW-orientated minimum eigenvector/eigenvalue. This beach shows the most scattered orientation of dikes. However, it also shows a clear dominance of sills when weighted for the intrusion thickness, indicating mainly vertical extension. Rhomb: eigenvectors e1, e2 and e3. maximum eigenvector/eigenvalue located in the south-east quadrant. This implies that the orientation of the dikes is controlled by this larger scale fold structure. It may reflect the impact of stress distribution on the convergent, fanning-like, preferred opening orientation of fractures within a fold structure (Thompson et al. 1999) 
Summary
Clearly, the NE-SW-striking dikes and shallowly dipping sills are the dominant intrusive types in the Santa Cruz Mudstone. The oblique dikes, which tend to form the thinner clustered intrusions, are less important in terms of cumulative thickness. It is noteworthy that these major trends defined by the small intrusions agree with the trends of the very large intrusions around Yellow Bank Creek. The slightly to the north-east-tilted vertical extension defined by the sills reflects the mean dip of the Santa Cruz Mudstone (108 to the southwest) in the study area. This confirms that the bedding planes are the main opening direction for the sills.
DEFORMATION OF INTRUSIONS
The intrusions studied are only locally affected by deformation. Brittle deformation features evident in the intrusions include faults and deformation bands (Aydin 1978) locally mineralized with calcite. Deformation bands enriched in carbonate cement generally do not exceed a thickness of 2 mm. Faults that cut intrusions and continue into the host mudstone are invariably normal faults and typically strike to the north-west.
In addition to the faulting described above, some intrusions are folded or offset by faults that do not continue into the adjacent mudstone. In both examples, the faults that cut the intrusions cannot be traced into the adjacent mudstone. Figure 10 shows an example of a faulted intrusion.
Most parts of the Santa Cruz Mudstone have vertical extensional fractures. The vertical fractures form a perpendicular joint set striking north-east and north-west (Fig. 11) . Hence, one direction appears to be subparallel to the main striking trend of the dikes. Field observations show that, despite having a similar orientation, the dikes mostly do not intrude the adjacent joints. In addition, fractures in host rock inclusions within intrusions show the same orientation as the surrounding mudstone, suggesting that the jointing occurred later (Fig. 6) . Locally joints cut the intrusions.
Overall, it appears that the jointing occurred later than the intrusions and the lack of similar jointing intensity between the host mudstone and intrusions is due to a difference in material properties. 
INTERPRETATION OF CONDITIONS AND TIMING OF EMPLACEMENT
Several lines of evidence indicate that the sandstone intrusions in the Santa Cruz Mudstone occurred early in its history. The most compelling evidence is that some intrusions extruded onto the seafloor during the time of Santa Cruz Mudstone deposition (Fig. 4B) . Secondly, the faulting of intrusions by structures that do not continue into the adjacent mudstone (Fig. 10) suggests that these periods of shortening occurred during consolidation of the Santa Cruz Mudstone. Obviously, intrusion would have to have occurred earlier. Joints cutting the mudstone around the folded and faulted intrusions (Fig. 10) are not deformed, indicating that the jointing occurred later than the sandstone intrusion. Finally, we observed intrusions that are enclosed by the later growth of concretions (Fig. 12) . These concretions are considered to have formed early in the history of the Santa Cruz Mudstone (R. Garrison, personal communication, 2000) . The margins of intrusions are sharp and generally planar, suggesting intrusion into cohesive sediment. However, because mud can become cohesive at a very shallow depth, this need not obviate a shallow depth of intrusion of the sandstones. Because dikes and sills are continuous, these features formed simultaneously.
Although rare cross-cutting relationships, banding and internal layering in intrusions indicate different pulses of intrusion, we could not distinguish the unique lithological characteristics of different intrusion generations. The uniform sedimentary composition and texture of the intrusions imply that they are from the same source. Similarly, the huge intrusive bodies around Yellow Bank Creek could not be lithologically or stylistically distinguished from the other smaller intrusions.
The clustered intrusions consist of networks of variably orientated thin intrusions. We believe that these intrusions are similar to small cracks forming in a rock under extension and prior to propagation of a through-going crack (van der Pluijm & Marshak 1997) . We interpret the clustered intrusions as representing the initial state of intrusion propagation ( Fig. 13) (Jolly et al. 1998 ).
In summary, the similar style, evidence for continuity between dikes and sills and lack of compositional differences suggest that all intrusions formed in one generation of intrusive activity, albeit with pulses of emplacement in individual large intrusions. Because some of the intrusions connect with seafloor extrusions, we know that intrusive activity occurred from 9 to 7 Ma during the deposition of the Santa Cruz Mudstone.
INTRUSIONS AND INTERPRETATION OF BASINAL FLUID FLOW
The overall geometry of the sedimentary basin (Fig. 3) provides clues to the driving forces of the clastic intrusions. The intrusions are clustered at the thinned margin of the basin as shown in the cross-section (Fig. 3) . A compilation of seismic reflection data indicates that the Tertiary section thickens offshore perpendicular to the cross-section in Fig. 3 . The erosion of the Santa Cruz Mudstone is estimated to be only 200-500 m with no significant variation along the section in Fig. 3 (El-Sabbagh & Garrison 1990). Therefore the major thickness differences shown in Fig. 3 were present during intrusion, both along the line of section and offshore.
The thickness differences in the Santa Cruz Mudstone basin drive fluids to the basin margin and spawn the clastic intrusion process (Fig. 14) . The Santa Margarita Sandstone, just below the Santa Cruz Mudstone and the source of the intrusions, provides a high-permeability conduit for the transmission of fluid pressure from the deeper portions of the basin to the margin. The difference in overburden at the time of intrusion was at least a factor of five between the deeper portions of the basin and the margin. Thus, even Fig. 12 . Sketch showing sill enclosed by concretion at roadcut along Highway 1 at Majors Creek. As these concretions are considered to have formed early in the history of the Santa Cruz Mudstone and at very shallow sediment depth, the intrusion predates the inclusion. Fig. 13 . Clustered intrusions, characterized by often branching and rejoining, are common around the anticline centred at Majors Creek. North-easttrending dikes tend to be most common on the flanks of the anticline. They may have a minimum length of >40 m. Sills are the least common intrusion type. Sand extrusions were identified only at the beach at Majors Creek. The greatest regional dilation during intrusion occurred along NW-SE and vertical. The amount of NW-SE dilation is 192 m which accounts for 3.6% of the studied coast length. The maximum principal stress was orientated approximately horizontal along N298E at the time of intrusion. Thus, late Miocene stress orientation is similar to the orientation of the present principal compressive stress.
a moderately abnormally high pressure gradient in the deeper basin would significantly exceed the lithostatic pressure and induce hydrofracture when communicated to the edge via the Santa Margarita Sandstone (Fig. 14) . The drive of the intruding sand was probably facilitated by the presence of low-density hydrocarbons, now residing in the intrusions, in addition to basinal overpressure due to compaction or tectonics.
DILATIONAL STRAIN
The sandstone intrusions caused a measurable positive dilation of the Santa Cruz Mudstone. A comparison of the thickness of the intrusions to the overall length of the studied area measured parallel to the maximum dilation direction gives an approximate quantification of the maximum regional strain related to the intrusion process.
The amount of the actual regional dilation is the sum of the thicknesses of intrusions in a particular direction. We analysed the overall dilational strain of the intrusive event by determining the maximum, minimum and intermediate directions of cumulative thickness. These directions are represented by eigenvalues and eigenvectors for the thickness-weighted distribution of all intrusions, excepting the huge bodies of the Yellow Bank Creek area (Fig. 8B) .
The three main principal eigenvectors and eigenvalues calculated by the Bingham method (Fisher et al. 1987 ) are shown in Fig. 8(B) . These eigenvectors and respective eigenvalues are an orthogonal set of axes best approximating the maximum, intermediate and minimum concentration of points. The eigenvectors and eigenvalues describe the symmetry of dilational strain associated with the intrusions. They define the strain ellipsoid that is a visual representation of the volume change of a body. The orientation of the maximum, minimum and intermediate eigenvalues/eigenvectors can be interpreted in terms of the orientations and relative magnitudes of the principal stress axes.
The largest eigenvector/eigenvalue in Fig. 8(B) is orientated NW-SE, nearly horizontal, indicating maximum dilation perpendicular to the north-east-orientated dikes. The intermediate eigenvector/eigenvalue corresponds to the orientation of the sills and suggests that dilation perpendicular to bedding was about 80% of that in the NW-SE direction. The minimum eigenvector/eigenvalue indicates the least dilational strain in a north-east direction. The intermediate and maximum eigenvectors/eigenvalues are slightly displaced in relation to the density contour in the area of the two highest maxima. This is because the eigenvectors are averages based on all data points from a skewed distribution and would not correspond exactly to the maxima of the contoured data. The contour diagrams in Figs 8 and 9 are a representation of point to pole densities in a stereographic projection.
Our estimates of dilational strain associated with the sandstone intrusions represent a one-dimensional coastal transect of the intrusive system and may be biased by location. The large intrusions of the Yellow Bank Creek area have both prominent dikes and sills, with the former thicker than the latter. Compaction would preferentially reduce the overall thickness of sills after their emplacement.
The absolute NW-SE horizontal regional extension due to the north-east-striking dikes is small in comparison to the coastal length studied. We were able to access and study a total length of 4768 m along a line parallel to the maximum dilation axis. The maximum total dilation is 192 m. The single big intrusion at the beach at Yellow Bank Creek accounts for 170 m, or 3.2% of the length of the coast studied. The large dike just south of Yellow Bank Creek (Fig. 4A ) accounts for another 10 m, or 0.22%. All other north-east-trending dikes (excluding intrusions at roadcuts along Highway 1) total 11.6 m, or another 0.25% of the pre-intrusive coast length. Our estimate of dilation is slightly exaggerated because it represents a simple sum of the thicknesses of any dike orientations in the area of north-east-striking dikes ( Fig. 5) , and not all dikes are parallel to the maximum eigenvector/eigenvalue direction.
PALAEOSTRESS ORIENTATIONS FROM SANDSTONE INTRUSIONS
The regional stress field controls the geometry of clastic intrusions. For intrusion to occur, the fluid pressure in the sand has to exceed the minimum principal stress plus the tensile strength of the host rock (Price & Cosgrove 1990) . Intrusions into a homogeneous medium open as tensile cracks parallel to the s1 direction and perpendicular to the s3 direction (Anderson 1951) . Injections into pre-existing fractures in the host sediment must have a pressure exceeding the normal stress (sn) which acts across the fracture walls (Delaney et al. 1986) . Within the study area, only 6% (19 of 328) intrusions appear to have injected pre-existing fractures. Thus, the majority of the intrusions should reflect the orientation of the palaeostress field at the time of injection (about 8 Ma).
The north-east-striking dikes suggest a minimum principal stress shallowly plunging to the north-west, and the simultaneously intruded sills indicate a minimum principal stress with a subvertical orientation. This apparent inconsistency may be explained by the dikes intruding from the subjacent source rock perpendicular to the minimum principal stress and the sills forming simultaneously due to the weaker sediment cohesion parallel to bedding. Thus, the north-westorientated stress controlling dike formation (s3) and the overburden stress (s2) were relatively similar in magnitude, different only by the anisotropy in tensile strength or elastic moduli of the Santa Cruz Mudstone (Pollard 1973) . This geometry of intrusion constrains the maximum principal stress to be along the minimum eigenvector/eigenvalue (209/05) or NE-SW.
Because our study area is located between the San Andreas and San Gregorio strike-slip faults, the rocks and any palaeostress indicators may have been rotated around a vertical axis (Horns & Verosub 1995) . Late Neogene clockwise rotations of 358À608 occur within a kilometre of the San Gregorio Fault zone (Horns & Verosub 1995) . However, magnetostratigraphic studies of 6-7 Ma rocks directly overlying the Santa Cruz Mudstone around the city of Santa Cruz indicate no significant rotation (Madrid et al. 1986 ). On the basis of these studies, we believe that there has been little or no vertical axis rotation since the deposition of the Santa Cruz Mudstone for the coastal area of intrusion between Santa Cruz and Davenport. Thus, we use the current orientation of the minimum eigenvector/eigenvalue as a direct palaeostress orientation indicator.
Our studies of the sandstone dikes indicate that the principal compressive direction during intrusion (7-9 Ma) was NNE (N298E), which is at a high angle to the mean strike of the San Andreas and San Gregorio Faults. This stress is significantly more oblique than the most favourable orientation for slip on the fault and at least suggests that the argument for a 'weak' San Andreas Fault (Zoback et al. 1987) could extend back into the Miocene. Although Anderson's theory of faulting for strike-slip systems predicts an angle of about 308 between the principal strike-slip faults and the s1 direction (Anderson 1951) , this angle for the San Andreas Fault System in the Pacific plate is much greater (Zoback et al. 1987) . This contradiction can be explained by the weak fault model (e.g. Hardebeck 1999 ). Elevated pore fluid pressure and inhomogeneous stress along the fault, in combination with the presence of weak clay minerals, are believed to reduce a fault's shear strength.
RELATIONSHIP BETWEEN JOINTS AND SANDSTONE INTRUSIONS
We measured 197 vertical joints along the whole length of the dike intrusion area to evaluate the relationship between joints and sandstone intrusions. Sites with well-developed joints near intrusions were chosen to ensure that representative data were taken in host rock with very similar rheological properties to the sections in which intrusions injected.
Systematic joint sets in the Santa Cruz Mudstone form a steeply dipping, orthogonal set striking north-east and north-west. The north-west joint set is the most prominent with the north-east joints typically terminating into it. Thus, the north-west joint set probably formed first. Although the north-east-trending joint set and the dikes overlap partly, the maxima of these two planar structures nevertheless have different orientations. The majority of these joints strike between 308 and 708, whereas the majority of the dikes strike between 208 and 408.
The measured joints are mode 1 or extensional fractures, include ribs or arrest lines and are interpreted to have formed perpendicular to the minimum principal stress (van der Pluijm & Marshak 1997). Thus, they have the same dynamic significance as the sandstone intrusions. The slight difference in the frequency maxima of Fig. 11 implies a different time of origin for the intrusions and the north-east joint system. It also emphasizes the field observation that dikes often have a very similar orientation as their adjacent joints, but do not intrude the joints. As mentioned earlier, field observations indicate that at least the majority of the joints formed after sandstone intrusion.
CONCLUSIONS
The sandstone intrusions in the late Miocene Santa Cruz Mudstone of northern Santa Cruz County include dikes and sills as single bodies, and clustered intrusions. Locally, the intrusions connect to extrusive sand bodies. Intrusions, 1 cm to about 1 m thick, are widespread. Several much larger intrusions (10-150 m thick) occur in the north-west part of the study area. The clustered intrusions are commonly a few centimetres thick and often characterized by branching and rejoining. They are interpreted as the termination regions of dikes or sills (Fig. 13) . Thicker north-east-striking, steeply dipping dikes occur as singular bodies, not associated with clustered intrusions. North-east-trending dikes tend to be most common on the flanks of the anticline centred at Majors Creek. Sills are the least common intrusive type and may be transitional to dikes. Extrusions occur at only one locality along the coast.
Smooth, mostly planar contacts and the lack of differential offsets along intrusive contacts suggest formation by simple dilation. Intrusion at shallow depths during the 7-9 Ma deposition of the Santa Cruz Mudstone is indicated by surface extrusions of sand fed from dikes. Joints postdate intrusions. Intrusion and extrusion of the sand through the poorly consolidated muds must have been driven by copious water flow or natural gas. Local oil saturation occurred later. The homogeneous texture and composition of the intrusions suggest a common source in the underlying Santa Margarita Sandstone. Stratigraphic arguments suggest that singular dikes may have a minimum length of >40 m. Fluid pressures at the centre of the basin and perhaps maturing hydrocarbons were communicated to the basin margins through the Santa Margarita Sandstone. These fluid overpressures at the basin margins contributed to the fluidization and intrusion of this then sand into the overlying Santa Cruz Mudstone.
The magnitude of dilation due to intrusion is relatively small. The greatest regional dilation of 192 m during intrusion occurred along a NW-SE horizontal axis. North-westorientated horizontal dilation due to all dikes accounts for 3.6% of the studied coast length.
Palaeomagnetic studies show no significant block rotations, suggesting that the orientation of the intrusions has remained unchanged since their genesis. North-east-striking dikes and simultaneously intruded sills indicate that the maximum principal stress was orientated approximately horizontal along N298E at the time of intrusion. This late Miocene stress orientation is similar to the orientation of the present principal compressive stress. The late Miocene principal stress orientation implies weakness along the San Andreas and San Gregorio Faults at that time.
Our results have been obtained from the numerous small intrusions. Interestingly, the big intrusive bodies mirror the trends shown by the smaller intrusions in terms of geometry and sequence of fluid migration. Therefore, the big intrusions are exceptional only in size.
